Introduction
The algorithms for treatment of anterior cruciate ligament (ACL) injuries have continued to evolve in recent years [ 42 ] . These changes have been supported by an improved understanding of joint kinematics and biomechanics as well as from the technical developments introduced for ACL repair techniques [ 5 , 42 ] . The "double-bundle concept," including the recognition of partial tears of the ACL, has motivated new techniques for reconstruction or augmentation of ACL injuries [ 38 -40 , 50 ] . Individualized ACL repair is now recommended by several authors depending on patient's characteristics, specifi c demands, and surgeons' experience [ 1 , 42 ] .
Suboptimal outcomes following ACL repair can be related to an inexact diagnosis and inaccurate preoperative planning. Improved diagnostic capacities are in great need in order to assist in the choice for the best course of treatment for each patient. Several attempts have been made and are currently under development to enhance the capacity of imaging assessment. One of the recent trends is the possibility for dynamic evaluation either using radiographs [ 20 , 51 ] , ultrasound [ 17 ] , or MRI [ 12 , 25 ] in order to test simultaneously the functional capacity of the ligaments. Robotics [ 10 , 64 ] and electronic devices [ 34 ] have also been proposed.
This work aims to describe the traditional features of MRI evaluation of ACL tears but also the evolving possibility for dynamic and objective quantifi cation of knee laxity. This concept proposes to enhance the clinical evaluation tests by combining simultaneous MRI imaging assessment.
The Concept of Rotatory Instability of the Knee
Clinical examination is still one of the most important steps when evaluating the injured knee [ 41 ] . Laxity evaluation and grading is considered a key point to success [ 2 , 19 ] . The most frequently used clinical tests are the Lachman (considered the most sensitive) and the Pivot shift test (considered the most specifi c) [ 44 ] . However, manual clinical examination is diffi cult to quantify, as it is examiner dependent and lacks intra-tester reliability [ 2 , 26 , 27 , 36 , 53 ] . Several methods to achieve objective instrumented assessment of the Lachman test [ 24 ] have been used [ 41 ] . However, some concerns about poor correlation with clinical outcome have been reported [ 24 ] . However, the pivot shift has been considered more specifi c than the Lachman test [ 4 ] , and it might also be useful in the clinical diagnosis of partial ACL tears [ 11 ] . Nevertheless, in a recent study, the clinical grading of the pivot shift has been considered as subjective and inconsistent [ 19 ] . In this study, weak correlations were found between the quantitative measurements and the clinical pivot shift grade [ 19 ] . Based on that results, the authors suggested to use a simple positive/negative grading and add a quantitative value to register the pivot shift [ 19 ] . Many descriptions of the maneuver have been proposed, and many devices have been developed in an attempt to objectively quantify the pivot shift test [ 36 , 40 , 41 ] .
If the pivot shift test remains positive after ACL repair, this has been correlated with poor subjective and objective outcome. In such cases, lower rates of return to sports and higher development of degenerative changes have also been reported [ 21 , 31 ] . One major limitation of the pivot shift test is that it is a non-weight-bearing examination and cannot mimic the true effect of rotatory knee laxity in dynamic weight-bearing conditions [ 39 ] .
Bony morphology is another aspect, which is known to infl uence knee stability and the pivot shift phenomenon. Smaller lateral tibial plateau has been reported to be related to higher grade pivot shift test [ 36 ] . It has also been suggested that an increased degree of posterior-inferior tibial slope is related to higher pivot shift grade [ 6 ] . Moreover, it has also been reported that the distal femoral geometry can infl uence dynamic rotatory laxity [ 18 ] .
Besides the bony morphology, features of the ligament itself are also involved in this pivot shift phenomenon. The posterolateral (PL) bundle of the ACL ligament was believed to be the primary responsible for controlling rotational stability; however, the anteromedial (AM) also plays a relevant role [ 23 , 62 ] . The relative contributions of each bundle are dependent on the knee fl exion angle [ 62 ] .
In terms of all the abovementioned, it is necessary to combine anatomical and functional assessment. The eradication of a positive pivot shift test is considered the most important goal of the ACL repair surgery. Therefore, the fi rst step should be to improve the objective quantifi cation of the pivot shift phenomenon.
MRI has proved its value in anatomic study of the knee. If the "power" of this imaging technology can be combined with the dynamic evaluation of the joint, this will surely provide improvements of pre-and postoperative assessment. Moreover, this dynamic evaluation using the MRI device should enable joint assessment in different degrees of fl exion and combine anterior-posterior and rotational forces. helderduartepereira@gmail.com
Comprehensive Evaluation of ACL Tear on MRI
Previous studies have reported a general 78-100 % sensitivity and 68-100 % specifi city of MRI for the diagnosis of ACL tears [ 16 , 47 , 56 , 61 ] . In recent studies an accuracy of approximately 95 % has been reported [ 3 ] . The diagnosis of proximal, partial, or chronic tears has been considered as more challenging and accounts for most of the persistent errors in interpretation [ 3 ] . Sensitivity is also signifi cantly decreased in cases of multi-ligament injury [ 3 , 49 ] . Recently, 3-tesla imaging has improved the distinction of the AM and PL bundles; however, it has not signifi cantly increased the MRI accuracy for detection of ACL injuries [ 60 ] . Concerning MRI analysis, about 70 % of ACL tears occur in the middle part of the ligament, 7-20 % occur near its femoral origin, and only 3-10 % are identifi ed at the tibial insertion [ 45 , 46 ] . MRI protocols for the knee joint are designed to yield diagnostic images of the ACL as well as the menisci, bones, articular cartilage, and other ligamentous structures of the knee. The requirements for optimal meniscus and cartilage imaging are more demanding than what is needed for diagnostic ACL imaging. In general, a protocol that enables proper imaging of the menisci and cartilage will also satisfactorily demonstrate the ACL. For that reason, several centers image patients in full knee extension, although the ACL is better evaluated with the knee in approximately 30° of fl exion [ 30 ] .
T2 sequences are most relevant for the diagnosis of acute ACL ruptures [ 33 ] . However, in most centers, the regular protocol for knee MRI evaluation includes T2-weighted sequences (or protonweighted fat-suppressed) in 2-3 orthogonal planes and one T1-weighted sequence in either the sagittal or coronal plane [ 14 , 33 ] . Lately, fast spin echo fat saturation sequences have proven to be quicker and more sensitive to injury than conventional T2-weighted spin echo images and have been increasingly replacing these sequences [ 16 ] .
When evaluating an MRI examination, the observer must be familiar with the "normal" and "abnormal" features and routinely inspect the ACL in all planes [ 16 ] . The method of acquisition of sagittal images for ACL study has varied over time. A frequent recommendation, in order to achieve images closer to the long axis of the ACL, is to perform sagittal oblique slices at 10-15° perpendicular to a bicondylar line tangent to the posterior margins of the medial and lateral femoral condyles [ 16 ] . However, several centers now advise that the true sagittal plane (perpendicular to the bicondylar line) is superior for evaluation of the ACL and meniscus as well (Unpublished data, Mayo Clinic, Jacksonville, Fla. Presented at Society of Skeletal Radiology, March 2009).
Acute ACL Tear
The changes of the ACL tissue itself, which permit a high accuracy in the diagnosis of an acute tear, are considered the primary signs of ACL tear (Fact Box 1 ) [ 13 , 29 ] . The axis of the ACL is abnormal if it is clearly more horizontal than a line projected along the intercondylar roof (Blumensaat line) on sagittal images (Fig. 5.1 ) [ 13 ] . An angle of less than 45° of the long axis of the ACL relative to a line parallel to the tibial plateau, also known as "the ACL angle," is reported to be sensitive and specifi c for an ACL rupture [ 32 ] . A common fi nding of an acute ACL rupture is non-visualization of the ligament. Focal edema and/or hemorrhage are seen where the "normal" ACL is expected to be found. Enlargement and increased internal signal intensity, while preserving intact fascicles have been described as interstitial tear (or delaminated tear). This type of tear must be differentiated from mucoid degeneration of the intact ACL [ 13 , 16 ] .
Axial images should also be carefully reviewed to assess the proximal ACL close to the lateral wall of the intercondylar notch [ 48 ] . The secondary signs of acute ACL rupture are MRI fi ndings that do not correspond to the ACL proper H. Pereira et al.
helderduartepereira@gmail.com but are correlated to the injury mechanism (Fact Box 1 ). The absence of such signs does not exclude the diagnosis of ACL rupture [ 7 , 16 ] . However, they are useful when primary signs are found to be ambiguous [ 7 ] .
When a rotatory injury of the ACL occurs, there is a movement of external rotation of the lateral femoral condyle (LFC) relative to the fi xed tibia. This way, the LFC causes an impact to the posterolateral tibial plateau, which might give origin to bone bruises and/or fractures of one or both bones [ 35 ] . The LFC bone bruise is usually found close to the anterior horn lateral meniscus. However, if such injuries occur at higher degrees of fl exion, these bruises will be found more posteriorly. The tibial bone bruise/ fracture usually occurs at the posterolateral corner of the tibia [ 35 ] .
Anterior translocation of the tibia indirectly suggests ACL insuffi ciency [ 9 ] . If this anterior translocation exceeds 5 mm, an acute or chronic ACL tear is probable to be found [ 9 ] . A Segond fracture ( Fig. 5.2 ) has a 75-100 % association with ACL tear [ 46 ] . The Segond fracture is described as an elliptical, vertical, 3 × 10-mm bone fragment parallel to the lateral tibial cortex about 4 mm distal to the plateau [ 8 ] . These types of fractures have historically been attributed to traction avulsion of the middle third of the meniscotibial capsular ligament [ 8 ] . The iliotibial band and lateral collateral ligament complex might also play a role [ 8 ] .
Tibial spine fractures occur in approximately 5 % of adults with traumatic ACL insuffi ciency. The ACL insertion usually takes place immediately lateral and anterior to the tibial spine. For this reason, tibial spine fractures can be seen in patients with a normally functioning ACL. Tibial spine avulsion resulting in ACL insuffi ciency is usually related to a hyperextension injury mechanism. In children, tibial spine fractures are often isolated, while in adults the injury is frequently associated to high-energy injuries [ 55 ] .
In addition, there are fi ve specifi c fractures that are statistically associated with ACL injuries and should also be taken into account (table 5.1 ) [ 7 , 16 ] .
One study reported that kissing bone bruises on the anterior femur and tibia suggest a hyperextension mechanism and were found in association with ACL tears in approximately 50 % [ 54 ] . Avulsion fractures of the proximal fi bula, also known as the arcuate sign, can indicate a hyperextension/varus knee injury which usually may affect the lateral collateral ligament complex, and the ACL might also be injured [ 22 ] . In severe hyperextension injuries, the posterior cruciate ligament might be damaged, and even popliteal neurovascular injuries can occur [ 63 ] .
Chronic ACL Tear
Chronic ACL ruptures are often associated to meniscal injuries and secondary osteoarthritis. The signs of ACL injury are basically the same as in the acute setting except that bone bruises and edema are usually no longer visible and T1-weighted sequences are of greater importance [ 57 ] .
A fragmented ACL is the most common MRI fi nding in the case of a chronic injury [ 57 ] . Complete non-visualization of the ACL may also occur and include the "empty notch" sign [ 45 ] .
The chronically torn ACL may attach to the posterior cruciate ligament (the so-called ACL on PCL) [ 52 ] . This phenomenon is more often noticed during arthroscopic observation and is less frequently visible on MRI [ 52 ] . The chronic non-displaced ruptured ACL might have a normal appearance once mature collagenous scarring is diffi cult to distinguish from the normal collagenous hypointense ligament [ 57 ] .
In the presence of a positive clinical assessment (positive Lachman or pivot shift test result), a negative MRI should be interpreted as a possible false negative.
Partial ACL Tear
Partial ruptures of the ACL account for 10-43 % of all ACL injuries [ 15 , 29 , 37 , 48 ] and have reported an even higher percentage in the pediatric population [ 43 ] . While MRI is effective in differentiating the normal from abnormal ACL, it is less reliable in terms of the diagnosis of partial ruptures [ 28 ] . Even 3-tesla MRI devices have failed to overcome this limitation [ 58 , 59 ] .
5.4
Dynamic and Objective MRI Assessment of the Knee: Porto-Knee Testing Device (PKTD)
The PKTD (Fig. 5.3 ) is a knee laxity-testing device designed for the measurement of anterior-posterior tibial translation and rotational laxity of the knee during an MRI examination [ 12 ] . This way it combines the assessment of "anatomy" and "function" during the same examination [ 40 ] . helderduartepereira@gmail.com PKTD is built on polyurethane which permits it to be used during MRI scans. The knee is placed under stress caused by the infl ation of pneumatic cuffs permitting the examiner to control the magnitude of load transmission up to 46.7 × 10 3 N/m 2 applied in the posterior proximal calf region.
The PKTD enables the examiner to study at different degrees of knee fl exion and different degrees of external/internal rotation as decided by the footplate. When required, it can also be used for evaluation of PCL injuries (Fig. 5.4 ). This is done by changing the position of the cuff, thus transmitting force to be applied to the anterior aspect of the tibia in a posterior direction. The study of rotational laxity is possible once the MRI images are acquired with 1-mm spacing and 3D reconstruction.
The measurement (in mm) is performed using a line that is perpendicular to the tibial slope crossing the most posterior point of the tibial plateau and its distance to a parallel line crossing the most posterior point of the femoral condyle. This process is repeated with or without pressure for medial and lateral compartments, with or without rotation, identifying the same points as the bony landmarks (Fig. 5.5 ).
The amount of anterior translation, in millimeters, of the medial and lateral tibial plateaus with different combination of rotation is calculated by the difference of each of the two points (without and with pressure) (Fig. 5.6 ). The method can include the assessment of ACLdefi cient knees alone or side-to-side comparison. Axial images can quantify the angles relative to the posterior intercondylar line and the posterior tibial line in degrees (Figs. 5.4 and 5.6 ). This is another aspect of assessment of rotational laxity in MRI evaluation currently under intense research.
It has been clinically demonstrated that PKTD-MRI method is reliable in the assessment of anterior-posterior translation (comparing to KT-1000) and rotatory laxity (compared with lateral pivot shift under anesthesia) of the ACLdefi cient knee.
It has also shown capacity to identify partial ruptures (confi rmed later by arthroscopic Ongoing research is now focused to improve the possibilities of this method to identify populations with increased risk factors for ACL rupture [ 40 ] .
Conclusion
MRI protocols for knee study should include spin echo or fat-saturated fast spin echo images in all three planes, including T1-and T2-weighted sagittal images. Currently, sagittal images are more frequently obtained in the true orthogonal plane. The examiner must be familiar with normal and abnormal appearances of the ACL in all planes. Primary and secondary signs of ACL rupture should be scrutinized. Frequently associated fractures/patterns should also be checked. One should be aware of the lower accuracy of MRI for partial tears and chronic tears. There is much room for progress in MRI investigations of the ACL. Continued technological advances in imaging instrumentation, software, and contrast agents will probably result in faster and more informative MRI examinations in the near future. New types of sequences are emerging every year. Moreover, dynamic MRI evaluation is under development in order to become easier, faster, and more useful compared with the current static imaging. H. Pereira et al.
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